A model to predict Septoria tritici blotch (STB) and leaf rust effects on wheat growth was constructed and evaluated in two steps. At the leaf scale, Bastiaans' approach that predicts the relative photosynthesis of a wheat leaf infected with a single disease, was extended to the case of two diseases, one biotrophic and one necrotrophic by considering the leaf rust±STB complex. A glasshouse experiment with¯ag leaves inoculated either singly with one disease or with two diseases combined was performed to check the leaf damage model. No interaction of the two diseases on photosynthesis loss was observed when they occurred simultaneously on the same leaf. In a second step, the single-leaf model was extended to the canopy scale to model the effects of the leaf rust±STB complex on the growth of a wheat crop. The model predicts the effects of disease on the growth of an affected crop relative to the growth of a healthy crop. The canopy model accounted for different contributions to photosynthetic activity of leaf layers, derived from their position in the canopy and their natural leaf senescence. Treatments differing in nitrogen fertilization, microclimatic conditions, and wheat cultivars were implemented in a ®eld experiment to evaluate the model. The model accurately estimated the effect of disease on crop growth for each cultivar, with differences from experimental values lower than 10%, which suggests that this model is well suited to aid an understanding of disease effects on plant growth. A reduction in green leaf area was the main effect of disease in these ®eld experiments and STB accounted for more than 70% of the reduction in plant growth. Simulations suggested that the production of rust spores may result in a loss of biomass from diseased crops and that stem photosynthesis may need to be considered in modelling diseased crop growth.
Introduction
Air-borne diseases, and particularly leaf rust (Puccinia triticina) and Septoria tritici blotch (Mycosphaerella graminicola), are a major cause of yield loss in wheat (Triticum aestivum). Crop protection in Europe relies largely on preventive fungicide applications and smallgrain cereals are systematically treated with two or three foliar treatments. But environmental concerns and changes in the cost/price ratio for wheat are likely to increase the demand for more accurate identi®cation of spraying needs. Decision systems based on predicted yield loss rather than epidemic threshold must be developed to meet this demand.
Disease stress may reduce yield by altering the formation of any of the yield components, depending on the crop developmental stage at which infection occurs (Madden and Nutter, 1995) and on the duration and severity of the epidemic (Madeira and Clark, 1991) . Diseases that cause foliar epidemics reduce net photosynthesis and the ®rst step in modelling the damage is to relate the loss in photosynthetic capacity of the plants to the intensity and distribution of the disease (Bastiaans, 1991) .
Foliar pathogens affect leaf photosynthetic activity directly by reducing green leaf area. When photosynthesis is unaffected in the remaining green tissue of diseased leaves, the plant can be considered to accumulate dry matter in proportion to the amount of photosynthetically active radiation (PAR) that the green (healthy) tissue intercepts. In that case, predicting the growth of the diseased crop requires only an estimate of the reduction in green leaf area (Van Oijen, 1990; Waggoner and Berger, 1987) . However, the pathogen may also impair the photosynthetic activity of the apparently healthy parts of the leaves (Rabbinge et al., 1985) . Bastiaans (1991) proposed the concept of`virtual lesion' to relate disease severity to the loss of leaf photosynthetic activity and thus account for the possible effect of the disease on the apparently healthy tissue. The virtual lesion is de®ned as the proportion of leaf tissue, in addition to the visual lesion (i.e. proportion of leaf tissue with visible symptoms), in which photosynthesis is assumed to be zero. A single parameter b accounts for the effect of the virtual lesion on host photosynthesis. Bastiaans' model has been widely used to estimate the net photosynthesis of leaves affected by a single disease (Bassanezi et al., 2001; Bastiaans, 1991; Garry et al., 1998; Lopes and Berger, 2001 ) and has been extended to two diseases occurring on the same leaf, with emphasis on the interaction between the two pathogens (Lopes and Berger, 2001) .
In this study, a model was established to simulate effects of the leaf rust±Septoria tritici blotch (STB) complex on winter wheat growth. The model predicts the decrease in diseased crop growth relative to a control healthy crop. The model was developed and validated in two steps. First, the consequences of leaf rust and STB on leaf photosynthetic competence were quanti®ed. For this, a new approach was proposed to extend Bastiaans' model (Bastiaans, 1991) to the case of two diseases, one biotrophic and one necrotrophic. Since no information was available about possible interactions between leaf rust and STB, the single-leaf model was evaluated with data from a glasshouse experiment in which adult¯ag leaves were inoculated with M. graminicola, with P. triticina or co-inoculated with both pathogens. In a second step, the model was extended to the canopy level by computing the impact of the disease on photosynthetic activity for each canopy layer. Finally, the model's outputs were compared with ®eld data of an experiment including different cultivars, nitrogen fertilization treatments, and microclimatic conditions. This modelling approach was used to identify gaps in knowledge concerning the impact of disease on crop growth and as a basis for discussing a more general approach to the situation of a complex system including a biotrophic and a necrotrophic pathogen.
Theory
A model was developed to estimate the effects of two diseases, one necrotrophic (STB) and one biotrophic (leaf rust), on plant growth. The vertical distribution of the diseases in the canopy was taken into account, but the diseases were considered to be horizontally homogeneous. The model predicts the decrease in diseased crop growth relative to a control healthy crop. It makes the assumption that the difference in the growth of diseased and control crops is due solely to a reduction in net photosynthesis in the diseased leaves.
Model at the leaf scale Bastiaans (1991) formalized the relationship between net photosynthesis and the proportion of diseased leaf area for a single disease, and he introduced the concept of`virtual lesion' to account for the reduction in photosynthesis in the green parts of diseased leaves. His model related the net photosynthesis rate (P x ) of a diseased leaf to that of a healthy leaf (P 0 ) by:
where x is the proportion of the leaf area covered by visible lesions and b is de®ned as the ratio between the sizes of thè virtual' and the`visual' lesions. The value of b indicates whether the effect of disease on photosynthesis is higher (b >1), lower (b <1) or equal (b=1) to that accounted for by the observed diseased area.
Bastiaans' demonstration is based on the hypotheses that lesions are independently distributed on the leaves and that the virtual size of an individual lesion is less than 20% of the whole leaf surface area (Bastiaans, 1991) . To establish equation 1, Bastiaans uses equation 2 (Justesen and Tammes, 1960) to compute the expected proportion of visible healthy area (1±x) on a leaf infected by n lesions of individual visible size a:
where a is the proportion of leaf area occupied by a single lesion. Equation 2 is valid for lesions that are independently distributed over the leaf, able to overlap, and of similar size.
Bastiaans' model was then extended to the case of two diseases: STB and leaf rust. The following de®nitions were used: x=proportion of leaf area covered by visible lesions; y=proportion of leaf area covered by virtual lesions; a=proportion of leaf area occupied by a single visible lesion; b=ratio between virtual and visual lesion size; n=number of lesions in the leaf. STB is referred to as disease 1 and leaf rust as disease 2.
In this system, STB is necrotrophic and necroses induced by STB can grow over leaf rust lesions, whereas leaf rust develops only on photosynthetically active tissue. It is impossible to identify rust lesions clearly under STB necroses in disease assessments. Thus, in the glasshouse and ®eld experiments, STB was recorded as the proportion of the necrotic area (sporulating and non-sporulating areas), including areas where STB necroses had covered over rust lesions, whereas rust was recorded as the area occupied by sporulating lesions on green tissue. A leaf with n 1 STB lesions and n 2 leaf rust lesions (including those covered by STB) was then considered.
Considering that the n 1 STB lesions and the n 2 leaf rust lesions are each independently distributed over the leaf, the proportion (1±y) of leaf area that is not affected by virtual lesions can be calculated, according to Bastiaans (1991) :
Parameters n 1 , n 2 , a 1 , and a 2 were then replaced by measurable values. Based on equation 2, the proportion of leaf area that is free from visible STB lesions is:
The symmetrical formula would not be valid for leaf rust since the rust lesions that were covered by STB were not taken into account in the disease assessments. Instead, the leaf area x¢ 2 covered by sporulating leaf rust lesions has to be used. Calculated from the disease severity assessments, the proportion of leaf area that is visually free of disease is 1±x 1 ±x¢ 2 . Considering again that the lesions were established independently, this can be evaluated by:
Parameters x 1 and x¢ 2 are the disease severity values as measured in the experiments for STB and leaf rust, respectively. From equations 4 and 5, n 1 and n 2 can be calculated as:
Replacing n 1 and n 2 in equation 3 gives: 1±y=exp{[ln(1±a 1 b 1 )/ln(1±a 1 )]Qln(1±x 1 )} Qexp{[ln(1±a 2 b 2 )/ln(1±a 2 )]Qln(1±x¢ 2 /(1±x 1 ))} When a i b i (i=1 or 2) and a i are small compared to 1, ln(1± a i b i ) can be approximated by ±a i b i and ln(1±a i ) by ±a i and therefore:
The proportion of leaf area free of virtual lesions (1±y) is an estimation of the net photosynthetic rate of the diseased leaf, relative to a healthy leaf and as such:
Equation 7 relates photosynthesis reduction to disease severity through two parameters, b 1 and b 2 , which are assumed to be identical, whether the pathogens develop alone or are associated on the same leaf.
Integration at the canopy scale This study's approach was to calculate the reduction in growth in a diseased crop, relative to a healthy crop, from the disease distribution in the different leaf layers of the canopy and the contribution to photosynthesis of each of these layers. The biomass in the diseased crop was then computed relative to measured biomass in a healthy control crop. The model makes the assumption that the difference in the growth of diseased and control crops is due solely to a reduction in net photosynthesis in the diseased leaves.
The relative contributions (C) of the different layers to crop photosynthesis were ®rst calculated for a healthy canopy, considering that they were proportional to light interception and green area. For this, the plant was divided into ten parts: stem between ear and¯ag leaf (S1, peduncle),¯ag leaf blade (L1), stem between L1 and L2 (S2=¯ag leaf sheath), leaf blade L2, etc. Ear photosynthesis is generally considered to be almost completely offset by ear respiration (Araus et al., 1993; Gebbing and Schnyder, 2001 ) and was thus neglected. The fraction of the radiation (R i ) intercepted by each canopy part was calculated using Beer's law (Beasse et al., 2000; VarletGrancher et al., 1989) applied to the stem and leaf area indexes. The light extinction coef®cient (k) was set at 0.66 for the leaves (Varlet-Grancher et al., 1989) and to 0.45 for the stem (Ross, 1981) . Considering that the stem is not affected by the diseases, the amount of radiation intercepted by the different stem sections was pooled and the overall radiation intercepted by the plant (R T ) was the sum of the radiation intercepted by the stem (R S ) and by the various leaves (R i ):
The proportion of dead tissue due to natural senescence (S) was then removed to calculate the relative contributions of each leaf layer (C i ) and of the stem (C S ) to crop photosynthesis:
where S i (t) and S j (t) represents the proportion of dead tissue due to natural senescence in leaf layers i and j.
It was considered that the relative contributions (C s and C i ) of the different layers to crop photosynthesis, as calculated for a healthy canopy, remained valid in the diseased canopy. This means that disease would not affect the host structure (mainly leaf size) and thus the vertical distribution of light interception. The photosynthetic activity of the diseased canopy relative to the healthy canopy, P x /P 0 , was then estimated from the leaf layer contributions (C i ) and their relative photosynthesis rates P x,i /P 0,i as:
P x,i (t)/P 0,i (t) was calculated using equation 7 applied to each canopy layer i as:
where x STB (i,t) is the proportion of STB in leaf layer i, at time t, relative to the green leaf area in the healthy leaf layer and x rust (i,t) is the proportion of sporulating rust lesions in leaf layer i, at time t, relative to the green leaf area in the healthy leaf layer.
Finally, diseased crop growth (DDW x ) relative to healthy crop growth (DDW 0 ) was estimated by:
where DW is the above-ground dry weight (g per stem) Growth of diseased crops was assumed to be proportional to b-weighted light interception and to control crop growth. The simulations used four input variables: (1) stem and leaf area in each canopy layer; (2) the proportion of leaf area covered by STB, x STB (i,t), and leaf rust, x rust (i,t) in each leaf layer i and at each date t between ±250 dd and +900 dd from¯owering; (3) plant growth in control (fungicide-treated) plots, DW 0 (t), at each date t between ±250 dd and +900 dd from¯owering; and (4) proportion of necrotic tissue resulting from natural senescence, S i (t), as measured in control plots in each leaf layer i and at each date t between ±250 dd and +900 dd from¯owering. Between two successive sampling dates, plant growth and natural senescence in control treated plots, as well as the proportions of leaf area occupied by STB and leaf rust in each layer of the diseased plots, were estimated daily from the measured data by linear interpolation.
Material and methods

Overview
Two different experiments were performed to evaluate the model. The ®rst experiment was conducted in a glasshouse to quantify the effect of leaf rust and STB on the photosynthesis of individual wheat leaves. This allowed the b parameters to be estimated for each pathogen and to check equation 7. The second experiment was conducted in the ®eld to evaluate the model performance in predicting the consequences of the diseases on crop growth. ) at 8°C and 8 h dark periods at 0°C for vernalization. The plants were then transferred to square pots (1.1 l) ®lled with commercial compost (peat substrate, Gebr. Brill Substrate, Germany) and placed in a glasshouse. Light was complemented by sodium lamps from 08.00 h to 20.00 h and the temperature ranged between 8°C and 15°C during the night and 15± 30°C during the day. Plants were watered daily and were treated against powdery mildew (Ethyrimol, 2 ml l ±1 ) 3 weeks before inoculation. Plants received a standard dose of 7 g per pot of fertilizer (Osmocote 10N+11P+18K). The nitrogen content of thē ag leaves was measured the day before inoculation and at the end of the experiment (Robert et al., 2004) . All secondary tillers were cut before inoculation.
When plants were at the heading stage,¯ag leaves were inoculated either with leaf rust (treatment R), with STB (treatment S), or with both pathogens (treatment R+S). Leaf rust inoculations were performed in a settling tower (Eyal et al., 1968) with isolate B9384-1C1, previously increased on seedlings of the susceptible cultivar Michigan. A wide range of lesion densities was obtained by inoculating¯ag leaves with 10 mg of a mixture of leaf rust uredospores and talc, in which the spore content was 9, 5, 3, 2, 1, or 0.5 mg (11 plants inoculated per dose). Infected plants were incubated for 24 h under 100% relative humidity at 17°C and then replaced in the glasshouse until the end of the experiment.
STB inoculations were performed with inoculum derived from a single pycnidiospore isolate of M. graminicola obtained from a naturally infected Soissons ®eld and increased on PDA medium in a growth chamber at 18°C. Spores were collected from 3-d-old cultures in sterile distilled water, the suspension was adjusted to 10 8 spores ml ±1 with a haemacytometer, and one drop of surfactant (Tween 20) was added before inoculation. The spore suspension was applied to restricted areas of the leaves with a soft paintbrush. The plants were then left for 5 days (d) for incubation in a walk-in growth chamber with a 16 h light period (350 mE m ±2 s
±1
) at 18°C and an 8 h dark period at 17°C, at 100% relative humidity. Plants were inoculated with STB the day after the inoculation with leaf rust.
Upon the appearance of the ®rst symptoms, 16 plants were selected for treatment R so as to obtain a wide range of rust lesion densities. Ten plants were selected for treatment S and 15 plants for treatment R+S. For each treatment, a proportion of the plants were given the same treatment as the others but with no inoculation and were used as control healthy plants. The rust lesions started to sporulate 11 d after inoculation and the STB chlorosis appeared 9 d after inoculation.
Net photosynthesis was assessed 27 d and 32 d after leaf rust inoculation (dai) in treatments R and R+S, and 27 d after STB inoculation (28 dai) in treatment S. Gas exchange was measured in the control leaves on the same dates. On two of the healthy leaves, gas exchange was measured at four dates and at different positions along the leaf length. The net rate of photosynthesis was found to be independent of the position along the leaf (P=0.106) and there was no interaction between position and date (P=0.123). The location of the measurement along the leaf was therefore ignored when estimating the net photosynthesis rate on healthy leaves.
Assessments of net photosynthetic rate were made with a portable photosynthesis system (LI-6200; Li-Cor, Lincoln, USA) mounted with a red LED light source (6400-02, Li-Cor), at light saturation (1500 mmol photon m ±2 s ±1 ). The assessments were made on leaf sections with an area of 6 cm 2 (3Q2 cm). When disease symptoms appeared on the leaves, the precise location of the measurements on each leaf was chosen. One or two assessments per leaf were selected so that a large range of disease severity was represented in each treatment. The leaf sections (6 cm 2 ) on which the measurements were performed were tagged with a permanent marker and all further assessments were done at the same places.
For leaves of treatments R and R+S, digital pictures were taken at 27 and 32 dai to estimate accurately the diseased surface area on the leaf segments analysed for gas exchanges. The proportion of leaf area occupied by sporulating lesions for leaf rust (treatments R and R+S) and by STB necrosis (treatment R+S) was measured by image analysis (Optimas, Media Cybernetics, Silver Spring, USA). At these dates, leaf rust lesions were fully sporulating and necrosis was only due to STB infections. In co-inoculated leaves, because of STB lesion growth, a part of the leaf rust lesions overlapped by STB ceased to sporulate. These lesions were not recorded in the rust assessment. In treatment S, the necrotic leaf area on the leaf segment assessed for gas exchanges was traced onto a transparency ®lm, which allowed measurement of the local disease severity as the proportion of leaf area covered by STB The parameters of equation 1 (see`Theory' section), i.e. Bastiaans's model (Bastiaans, 1991) , were estimated for leaf rust (b R ) and STB (b S ) from the data of treatments R and S, respectively. The parameters of equation 7 were estimated from treatment R+S for leaf rust (b R+ ) in the presence of STB and for STB (b S+ ) in the presence of leaf rust. The values of b S+ and b R+ were compared with b S and b R as proposed by Lopes and Berger (2001) .
The parameters were estimated using non-linear regression analysis. The procedure used was PROC NLIN of the software SAS (SAS 6.12, SAS institute, Cary, USA). For treatments R and R+S, the nested model method was used to compare the effect of disease on gas exchange according to the assessment date (27 dai and 32 dai). Two alternative models were compared: Y=(1±X) (b+ai) and Y=(1±X) b , for two dates (i=[1,2]), using the lack-of-®t F-test (Weisberg, 1985) .
Field experiment
A ®eld experiment with eight treatments was conducted using cvs Soissons and Recital, two widespread wheat cultivars in France and both susceptible to leaf rust and STB. No arti®cial inoculation was made, but the treatments were designed to ensure variation in disease development and in yield response to disease. The treatments were cv. Soissons reference treatment, water-sprayed plots of cv. Soissons, Soissons with low nitrogen inputs, and cv. Recital, all either with or without a fungicide application to control disease. The reference treatment re¯ected the climatic potential for disease development in the year 1999. Water favours STB development because infection requires 12±15 h of saturating humidity (Magboul et al., 1992) and because spores are disseminated by splashing. The water-spray treatment was done to enhance the STB epidemic. The canopy was sprayed with a micro-aspersion system every evening for 30±60 min (8 mm h ±1 ), depending on the natural rainfall. A late nitrogen application is frequently given in France to increase the grain protein content (Girard, 1997) and it may change the susceptibility of the crop to disease (Leitch and Jenkins, 1995; Tiedemann, 1996) . For the low-nitrogen treatment, the last nitrogen application was omitted, which resulted in a lower leaf nitrogen content around¯owering, but did not cause any change in the canopy structure. In the`Recital' treatment, epidemics and their effects on growth and yield for two different cultivars, Recital and Soissons were compared.
Plots were sown on 22 October. There were no signi®cant differences in plant density between treatments or between diseased and control plots (250 plants m ±2 ). The experiment was laid out as a randomized block design with three replicates per treatment. Each plot was 30Q1.4 m. The plots were given 240 kg N ha ±1 as three applications: 60 kg ha ±1 on 11 March, 100 kg ha ±1 on 6 April (stem elongation), and 80 kg ha ±1 on 5 May (heading), except for the low nitrogen trial, where the last application was omitted. Soil water potential was evaluated daily by tensiometers and plots were irrigated to prevent water stress. All treatments included an early fungicide spray (Unix, 0.6 l ha ±1 ) on 7 April, to limit soil-borne diseases. The fungicide-treated control plots were also sprayed on 16 April (Opus, 1.0 l ha ±1 ), on 5 May (Opus, 1.0 l ha ±1 ), and on 16 June (Alto, 1.0 l ha ±1 ).
Disease and crop growth assessments: Leaf rust and STB were assessed weekly from 15 April (530 degree-days (dd) beforē owering) to 20 June (330 dd after¯owering). Fifteen main stems were examined every 5 m along each plot (®ve observation points per plot). Diseases were recorded on each of the ®ve upper leaf layers of the canopy. The severity of STB was recorded directly as a percentage of the leaf area. Since STB is a necrotrophic pathogen, it is dif®cult to distinguish disease symptoms from senescence and STB was thus recorded as the overall necrotic area on the leaves (including sporulating and no-sporulating necrotic areas). Leaf rust, as a strictly biotrophic pathogen, is unable to sporulate on necrotic tissue, and was thus recorded on photosynthetically active tissues only. The severity of leaf rust was estimated as the area occupied by the sporulating lesions relative to the whole leaf surface area. The standard severity scale of Peterson (Peterson et al., 1948) was used to assess leaf rust severity.
Crop dry weight was assessed from 6 April to physiological maturity (15 July). Two plant samples (0.18 m 2 each) were collected weekly from each plot. On each sampling date, main stems were separated from tillers and then both were separately taken to dry weight for vegetative parts and spikes. The mean fresh weight of the main stems was measured and a subsample of 15 main stems was selected. The stems selected had a fresh weight within T10% of the sample mean value. Each of the ®ve upper leaves, stems, and ears were separated. The ®ve upper leaves were scanned to measure the total, green, and necrotic areas by image analysis. The software used was Optimas (Media Cybernetics, Silver Spring, MD 20910, USA). The dry weights and nitrogen contents (Dumas, 1831) of the four upper leaves, ears, and stems were measured. The number of grains per spike, the mean grain weight and the grain and leaf nitrogen contents were measured each week after¯owering.
The ratio between mean weight of the tiller and the main stem was calculated at each assessment date and was found constant during the grain-®lling period and similar in the diseased and control plots (data not shown). This ratio was 0.79, 0.82, 0.78, and 0.87 in the Soissons reference, Soissons low nitrogen, Soissons water-sprayed, and Recital treatments, respectively. The tiller leaf size was estimated from the measured main stem leaf area with respect to this ratio. This allowed the LAI of the whole canopy (tillers and main culms) to be estimated.
Analyses of variance were conducted using the SAS system (SAS Institute, Cary, NC) and statistically signi®cant differences in leaf area, above-ground dry weight, number of spikes m ±2 , yield, number of grains, and mean grain weight among treatments in control and diseased plots were determined with the Tukey test.
Simulations: The model (equation 11) was evaluated with the ®eld data. The contributions of the different canopy layers to photosynthesis (C i in equation 9) were calculated according to Beer's law (Varlet-Grancher et al., 1989) from the stem and leaf area indexes in control healthy plots, and corrected by the natural senescence. Between two successive sampling dates, plant growth (aboveground dry weight) and natural senescence in control plots, as well as the proportions of leaf area occupied by STB and leaf rust in each layer of the diseased plots, were estimated daily from the measured data by linear interpolation.
Measured severity of STB and leaf rust was corrected to take into account the leaf natural senescence (apical necrosis) estimated in the control plots. Leaf area actually occupied by STB was obtained by removing the necrotic area due to natural senescence. The proportion of leaf area covered by leaf rust (x rust in equation 10b), and STB (x STB in equation 10b) was expressed relative to the green area of the corresponding healthy layer.
Simulations started when all the leaves were fully developed (250 dd before¯owering). Time was in degree-days (dd, 0°C basis) after¯owering. Simulations of the diseased crop growth were performed with the values of the parameter b obtained in the glasshouse experiment (equation 7): b R+ =2 and b S+ =1.4. The growth of a crop affected by both STB and leaf rust was simulated, as well as the effect of STB alone. Moreover, diseased crop growth was calculated both with and without taking stem photosynthesis into account.
To evaluate the sensitivity of the model to parameters b R and b S , simulations were performed with b R =2 and b S =1 or 3 and reciprocally with b S =1.4 and b R =1 or 3. The case b R =b S =1 was also tested to evaluate the effect of the disease on the apparently healthy host tissue.
Results
Glasshouse experiment
Before inoculation, the average nitrogen content (in mg N cm ±2 ) of the leaves was 0.19 (s=0.01) in treatment R, 0.21 (s=0.02) in treatment S, and 0.19 (s=0.02) in treatment R+S. At the end of the experiment, the average N content was 0.18 (s=0.03) in treatment R, 0.12 (s=0.02) in treatment S, and 0.16 (s=0.02) in treatment R+S.
Disease data are given for the leaf segments where gas photosynthesis was measured (Fig. 1) . In treatment R, rust lesion density ranged from 2.8 to 34.8 lesions cm ±2 and rust severity, expressed as the proportion of diseased area, ranged between 3% and 27% at 27 dai (days after rust inoculation) and between 6% and 33% at 32 dai. In treatment S, STB covered between 17% and 100% of the leaf segments at 28 dai. In treatment R+S, leaf rust lesion density ranged between 1.2 and 29.7 lesions cm ±2 and rust severity ranged between 1% and 26% at 27 dai and between 1% and 21% at 32 dai At the same dates, STB severity was from 8% to 99% and from 9% to 99%, respectively.
In control leaves, the net photosynthetic rate ranged from 18.7±27.5 mmol CO 2 m ±2 s
±1
. Data from treatments R and S were used to estimate b R for leaf rust and b S for STB with a coef®cient of determination ranging between 0.63 and 0.96 (Table 1 
Field experiment
The crop development stages, expressed in Julian days and degree-days (dd, 0°C basis) from sowing and¯owering are summarized in Table 2 . Soissons¯owered 1699 dd after sowing (26 May) and Recital 1597 dd after sowing (19 May). Although cultivars were sown on the same day, owering occurred around 100 dd earlier for Recital than for Soissons, relative to the date of sowing. Since the phyllochron was 100 dd for both cultivars, the difference in the development of Soissons and Recital was one phyllochron. Because diseases affect yield according to the crop stage at which infections occur, the disease developments were expressed in cumulative dd from owering for each cultivar.
Epidemic development: Visual assessments of the green leaf area in the ®eld and image analysis of detached leaves gave similar results (data not shown). Disease distribution was horizontally uniform in the diseased plots (data not shown). Field assessment of disease severity in these plots is shown in Fig. 2 .
In the Soissons reference treatment, STB was ®rst recorded in mid-April (500 dd before¯owering) in the lower layers of the canopy ( Fig. 2A) , but low temperatures until 25 April and low humidity from 27 April to 5 May were unfavourable to the development of the disease, which almost disappeared. STB arose again after rainfall on 6 and 7 May (250 dd before¯owering) and layer L5 reached a severity of 40% on 10 May. Rainfall subsequently became more regular and STB spread from the lower layer to upper layers; layer L5 was 50% covered by STB at 180 dd and L4 at 30 dd before¯owering. L3 was 50% covered by STB at 70 dd, L2 at 160 dd, and L1 (¯ag leaf) at 260 dd after¯owering. The disease progressed by approximately one leaf layer every 100 dd.
Leaf rust was ®rst recorded in mid-April in the two lower layers of the canopy (L6 and L5) (Fig. 2E) . It developed in all the canopy layers after 10 May (220 dd before¯owering), particularly in the lower layers. However, the rust epidemic was impaired by STB. The severity of the rust infection started to decrease when STB infected a leaf layer already colonized by leaf rust. STB necroses overlapped rust lesions, which stopped sporulating and were no longer recorded in the rust severity measurements. STB appeared at the same time in the canopy layers of the water sprayed and reference plots (Fig. 2B) . However, once a leaf was infected, the STB lesions spread faster on the leaf surface of the sprayed plots. STB covered 50% of L4, L3, L2, and L1 40 dd before the reference plots. Leaf rust started to colonize the successive canopy layers (Fig. 2F) at the same rate in sprayed and reference plots. Micro-aspersion slightly enhanced the development of leaf rust as long as the STB infection was low but, since STB developed faster on sprayed plants, it caused the rust infection to decrease more quickly. For instance, rust reached a severity of 60% in layer L1 in the reference plots, but only 45% on the sprayed plots.
STB developed in a similar way in the low-nitrogen and reference plots (Fig. 2C) . Leaf rust appeared at the same time in the canopy layers of both plots (Fig. 2G) . However, the rust infection grew faster, and the ®nal rust infection was more severe on the low-nitrogen plots than on all others.
In the Recital treatment, STB and leaf rust developed earlier than on Soissons, relative to the date of sowing: the diseases were about 100 dd (1 week) earlier in layers L2, L3, L4, and L5, and 40 dd earlier in L1 (Fig. 3A) . Because plant development was also 1 week earlier in Recital, the differences between Soissons and Recital almost disappeared when severity of STB was related to the crop development stage (Fig. 3B) . Layer L1 still showed a difference, as the STB severity increased more quickly in the reference treatment (Soissons) than in Recital. This difference disappeared when considering the necrotic area (in cm 2 ) instead of the proportion of necrotic area (Fig. 3C) .
Plant growth and yield:
The areas of the ®ve upper leaves in all the control and diseased plots were equivalent (Table 3) . As the number of spikes m ±2 was also similar in diseased and control plots (Table 3) , the leaf area index (LAI) was not altered by the diseases in any treatment.
The individual leaf areas for cv. Soissons were similar in all plots. Leaves L3, L4, and L5 were smaller and¯ag leaves (L1) larger in Recital than in Soissons (Table 3) . As Recital had fewer spikes m ±2 than Soissons (±20%), LAI and its vertical distribution were different for Recital and Soissons.
Stem height was 76 cm (from the base to the spike), and leaf layer L1 was at 58 cm from the soil, L2 at 39 cm, L3 at 27 cm, L4 at 17 cm, and L5 at 11 cm. The stem surface area taken into account for light interception was estimated to be 30.6 cm 2 for all the treatments, as one half of the stem surface area for a plant. The stem area index in control plots was 1.46 m 2 m ±2 of soil in the reference plot, 1.54 in the sprayed plot, 1.60 in the low-nitrogen plots, and 1.21 in the Recital plots. This represented 24.1%, 22.9%, 22.7%, and 24.7% of LAI in the reference, sprayed, low-nitrogen, and recital treatments, respectively. The stem area indexes in the control and diseased crops were assumed to be identical. The low-nitrogen treatment did not cause any change in the ®nal leaf size but resulted in a lower leaf nitrogen content around¯owering. The nitrogen contents of leaves 1, 2, 3, and 4 in the control low-nitrogen plots were slightly lower (5±8%) (data not shown) than in the reference Soissons treatment between 90 degree-days (dd) beforē owering and 300 dd after¯owering. Plant growth was similar in all fungicide-treated plots for cv. Soissons, but aerial dry weight was higher for cv. Recital from 600 dd after¯owering to maturity ( Fig. 4 ; Table 3 ). At¯owering, above-ground dry weight and spike dry weight were not affected by the disease, suggesting a similar yield potential for diseased and control plots (Table 4 ). The effect of the diseases on dry weight became signi®cant (P=0.005) at 200 dd after¯owering (Fig. 4) . From 200 dd after¯owering, diseased and control plants continued to accumulate dry matter for 300 dd for cv. Soissons and until harvest for cv. Recital, even though the growth of diseased plants was greatly reduced. Plant growth after¯owering in diseased plots was reduced by 54% in the Soissons reference, 53% in the Soissons sprayed, 55% in the Soissons low-nitrogen, and 59% in the Recital treatment.
All the diseased plots had markedly reduced ®nal yields (Table 3) . Yields were reduced by 53%, 51%, 51%, and 55% in Soissons reference, Soissons sprayed, Soissons low-nitrogen, and Recital diseased plots, compared with control plots. There was no signi®cant difference in yield among the four treatments either in diseased or control plots. However, the number of grains per spike and the mean grain weight, which were both signi®cantly reduced in diseased plots, differed according to the cultivar. In . In (C) leaf area occupied by STB on leaf L1 (cm Soissons, the diseases reduced the number of grains per spike by 13%, 11%, and 11% in reference, sprayed, and low-nitrogen treatments (Table 3) . This reduction was greater in Recital and reached 20%. Although the number of grains per spike was not signi®cantly different among diseased plots, it was clearly higher (P=0.0001) for cv. Recital (66) than for cv. Soissons (57 in the reference treatment) in the control plots.
The mean grain weight was more affected by the disease than the number of grains per spike in all plots (Table 3) . The grain weight for diseased plants of cv. Soissons was reduced by 40%, 38%, and 38% in the reference, sprayed, and low-nitrogen plots. The reduction in grain weight for cv. Recital was less (30%), suggesting compensation for the greater decrease in grain number. Grain weight was not signi®cantly different among the four treatments in control crops, but it was higher for Recital (27.5 mg) than for Soissons (23 mg, in reference treatment) in diseased plots.
The speci®c nitrogen content of the leaves (mg N cm ±2 of leaf) was similar in diseased and control plots until owering. After¯owering, the nitrogen content of diseased leaves became lower than in the controls (Fig. 5) . The leaf nitrogen content was signi®cantly reduced in diseased plots in layers L2 at 110 dd after¯owering and in layers L1 at 240 and 340 dd after¯owering. The difference for thē ag leaf was greatest in the low nitrogen treatment and least in the sprayed treatment. The difference in nitrogen content between diseased and control plots reversed at 450 dd after¯owering and nitrogen content then became higher in diseased leaves.
Simulations
Leaf layer L1 made the greatest contribution (C 1 ) to crop photosynthesis (equation 9a), and C 1 increased from 43% to 44% between 250 dd before¯owering and 800 dd after owering in the Soissons reference treatment. The relative contributions (C S ) of the stems to crop photosynthesis (equation 9b) in the reference plots increased from 27% to 31% between 250 dd before¯owering and 800 dd after owering. Over the same period, layer L2 contributed 20% to crop photosynthesis. Increases in C 1 and C S resulted from the natural senescence that reduced the relative contributions to crop photosynthesis of layers L3, L4, and L5 (C 3 =7% to 4%, C 4 =2% to 0%, and C 5 =1% to 0%). Layer L5 was fully senescent by 325 dd after¯owering and L4 by 500 dd.
The distribution of STB, leaf rust, senescent tissue, and green tissue in the Soissons reference treatment are shown in Fig. 6A . Figure 6B shows the relative contribution of the canopy layers to plant growth in the control plots and its reduction due to the vertical location of diseases. Although the leaves were totally necrosed 329, 306, 313, and 365 dd after¯owering in the Soissons reference, Soissons watersprayed, Soissons low-nitrogen, and Recital treatments, respectively, the diseased crops continued to accumulate dry matter because of stem photosynthesis. Simulations indicated that not considering stem photosynthesis decreased simulated maximal plant growth by 13.9% 14.4% 13.2%, and 14.5% in the diseased crops in the Soissons reference, Soissons water-sprayed, Soissons low-nitrogen and recital treatments, respectively (Table 5) . Table 4 . Above-ground dry weight per main stem (aerial DW, in g) and dry weight of ear (ear DW, in g) at¯owering in diseased and control plots Despite the differences in the vertical distribution of LAI and in the yield component, the model accurately estimated the effect of disease on plant growth for each cultivar (Figs 7, 8 ). Simulations were consistent with the experimental data. Two kinds of discrepancies were, however, observed. First, the model slightly overestimated plant growth between 100 dd and 350 dd after¯owering for the Soissons reference, Soissons low-nitrogen, and Recital treatments. Simulated plant growth in the Soissons low-nitrogen trial at 120 dd after¯owering was 108% of that of the experimental data, which corresponds to an overestimation of aerial dry matter of 0.2 g stem
±1
. There were similar differences in the Soissons reference and Recital treatment at 200 dd and 300 dd after¯owering. Second, the model underestimated maximal plant growth in the sprayed plots: simulated plant growth at 450 dd after owering was 94% of that of the experimental data, which corresponds to an underestimation of aerial dry matter of 0.2 g stem ±1 .
The model indicated that STB accounted for 81%, 88%, 81%, and 70% of the reduction in plant growth in Soissons reference, sprayed, low-nitrogen, and Recital treatments (Table 5) .
Changes in the parameter's values (1<b R <3 and 1<b S <3) affected the model's outputs only slightly (Table 6 ).
Discussion
Disease development in the ®eld experiment STB developed well in all ®eld treatments, probably because of a high infection potential and favourable climatic conditions. The water spray enhanced disease intensi®cation on the leaves, but did not accelerate the spread of the epidemic, probably because the drop intensity was too weak to ensure spore dispersion from leaf to leaf.
Leaf rust developed slightly faster in the low-nitrogen treatment than in the reference treatment. This was surprising, as other studies (Robert et al., 2002; Tiedemann, 1996) have shown a positive correlation between high nitrogen fertilization and biotrophic pathogen development. The nitrogen de®ciency occurred after owering, when the canopy structure was already set, and only resulted in a limited reduction in leaf nitrogen. Slight Fig. 6 . Leaf (L) and stem (S) area index (A) and relative contributions to plant photosynthesis (B). In (A), area index is indicated for leaves 1±5 (L1±L5) and the different stem parts (S1±S5) in m 2 m ±2 of soil. Leaf parts occupied by leaf rust are indicated by oblique hatching, STB by vertical hatching, apical necrosis by black ®lling, and unaffected green tissue by absence of hatching. Apical necrosis was estimated in the control treated plots (see Materials and methods). Data are from the reference plot of cv. Soissons and are given at four dates expressed in degree-days from¯owering (±250, 0, 150, and 330 dd). Dates are indicated in each panel. In (B) relative contributions to plant photosynthesis are calculated for the control plants for each leaf and stem part (equation 9). Decreases in the photosynthetic activity in each leaf layer relative to control leaves are indicated by oblique hatching when accounted for by leaf rust and by vertical hatching when accounted for by STB (simulated data, equation 10). The overall decrease in plant photosynthesis due to the diseases is indicated in per cent in each panel. nitrogen starvation increases the soluble sugar content of the leaves (Bancal and Soltani, 2002) , and may increase the carbohydrates available to the fungus. Hof¯and et al. (1999) showed that a high C/N ratio increased the formation of primary lesions of Botrytis cinerea on tomatoes leaves and hypothesized that the pathogen growth was linked to high soluble carbohydrate levels.
The difference in disease development between cvs Recital and Soissons, visible when time was related to degree-days after sowing, disappeared when time was expressed in degree-days from¯owering. STB infected a new canopy layer every 100 dd in both genotypes. As this represents one phyllochron, it suggests that disease development was closely linked to crop development stages. This is consistent with other studies (Beresford and Royle, 1988; Paveley et al., 2000) that have shown leaf emergence was the main limiting factor for disease progression under conditions of high infection potential and optimal climatic conditions. STB developed at a similar rate in all plots and leaf layers and appeared to be independent of rust severity. Leaf rust colonized the canopy layers ®rst and STB became established afterwards on all plots, causing a decrease in rust severity.
Effect of disease on yield and plant growth As in other pathosystems (Beasse, 1998) , the disease affected plant growth late (200 dd after¯owering) relative to the start of the epidemics (±250 dd before¯owering). This probably was a consequence of the vertical distribution of the symptoms, which had little effect on plant growth as long as STB remained on the lower leaf layers.
Air-borne diseases develop mainly after¯owering in northern France. The leaf area index is generally not altered by epidemics and yield reduction results only from an alteration of assimilate production by adult leaves. The disease can reduce grain weight and sometimes the number of grains per spike (Cornish et al., 1990; Zuckerman et al., 1997) . Yield components were different in Recital and Soissons control crops: Recital had fewer spikes m ±2 than Soissons, more grains per spike, and similar grain weight. In the diseased plots, the numbers of spikes m ±2 for Recital and Soissons were not affected, but the number of grains was reduced more on Recital than on Soissons, while the Recital grain weight was less affected than that of Soissons. However, while the diseases affected the yield components for Soissons and Recital differently, the ®nal reductions in yield were identical. Recital plants compensated for their larger reduction in the number of grains by a smaller decrease in grain weight, because the green tissue on layer L1 persisted longer.
Modelling the disease effect on leaf photosynthesis Bastiaans (1991) formalized the relationship between net photosynthesis and the proportion of diseased leaf area for a single disease. His model relates the net photosynthetic rate of a diseased leaf to that of a healthy leaf using a single parameter b. This model is based on the assumptions that lesions are independently distributed over the leaves, that the visible lesion size (a) and the virtual lesion size (ba) are similar for all lesions on the same leaf, and that a single virtual lesion (ab) occupies less than 20% of the leaf surface area. This last assumption can be restricting when the b value is high. Although these assumptions are probably never fully veri®ed in ®eld assessments, because lesion size, for instance, depends on lesion age (Robert et al., 2002) and because their distribution on the leaves depends on local effects, Bastiaans' model has been widely used (Bassanezi et al., 2001; Garry et al., 1998; Lopes and Berger, 2001) successfully to simulate disease effects on leaf photosynthesis. The robustness of this model results from the properties of Bastiaans' formula (equation 1) relating the decrease in net photosynthesis (P x /P o ) to the proportion of leaf surface area covered by the disease (x). For small severity values, (1±x) b is equivalent to (1±bx) and photosynthesis in a diseased leaf decreases linearly with severity, as if there is no competition among the lesions. For intermediate values of x and b>1, the net photosynthesis ratio (1±x) b is higher than (1±bx), re¯ecting competition among the lesions. Finally, when x tends towards 1, photosynthesis tends towards 0. These properties are independent of the lesion size and distribution or the type of competition occurring among lesions and make the model suitable for a wide range of situations.
In the present study, Bastiaans' model (equation 1) was extended to two diseases, one necrotrophic and the other biotrophic (equation 7). Necroses induced by the necrotrophic pathogen were able to grow over the biotrophic lesions, which were then removed from biotrophic disease assessment, whereas the biotrophic pathogen infected only healthy host tissue.
In the case of two diseases that would be assessed on the whole leaf surface, including parts where the diseases overlap, equation 4 would be valid for both pathogens:
where x 1 and x 2 are the proportions of the leaf covered by diseases 1 and 2, respectively, including the surface area where lesions overlap. In this case, equation 7 becomes:
which is the formula proposed by Lopes and Berger (2001) . With the condition that both diseases are independently distributed over the leaf, equation 7 and 7b can be related to each other by calculating x¢ 2 , i.e. the proportion of the leaf covered by disease 2, but free of disease 1, as: x¢ 2 =x 2 Q(1±x 1 ). The choice between the formulae mainly depends on which quantity, x 2 or x¢ 2 , is easier to evaluate in the ®eld.
If, however, the independence of the distributions of the two diseases is not veri®ed, equation 7 seems preferable because of its greater robustness with regard to this condition. This can be illustrated, for instance, by the extreme situation where x 1 =0.5 and x 2 =x¢ 2 =0.5, meaning that the leaf is fully covered by lesions but there is no overlapping. If b 1 =b 2 =1 for simplicity, equation 7b predicts a reduction in net photosynthesis to 25% whereas equation 7 predicts the correct estimation of photosynthesis reduced to zero.
In the current study, the b values obtained for leaf rust and STB were 2.2 and 1.4, respectively, which led to the conclusion that there is a little effect of these diseases on the green area of wheat leaves. The b value obtained here for leaf rust was close to that (1.26) calculated by Bastiaans (1991) and a b value of 1.4 for STB is in accordance with other observations (Shtienberg, 1992) . No interaction was observed between rust and STB with regard to their effect on net photosynthesis. In another study, Lopes and Berger (2001) did not observe any interaction either between rust and anthracnose on bean leaves. For both leaf rust and STB, b is close to 1, which indicates a localized effect on the leaf. It is dif®cult in ®eld assessments to distinguish STB necrosis from natural leaf necrosis. In this ®eld experiment, the STB assessment was corrected by taking into account leaf senescence in control plots. However, STB is known to accelerate apical necrosis in diseased leaves (Magboul et al., 1992) and this estimation of b for STB might have been slightly too high. Since b=1.4 for STB and by de®nition b=1.0 for a natural necrosis, this overestimation was considered to be negligible.
Model evaluation
Model hypotheses: The hypothesis of a random distribution of lesions on the leaves is reasonable for air-borne pathogens like STB and leaf rust. Although STB lesions tend to merge when they are close to each other, their individual visual size is relatively small compared with the leaf size, and the measured values for b are close to 1, which suggests that virtual lesions are only slightly bigger than visual lesions. For leaf rust, maximal lesion size is around 4 mm 2 at a very low lesion density (Robert et al., 2002) . With b rust close to 2, the virtual lesion size should not exceed 8 mm 2 , which is less than 1% of leaf size in any canopy layer. This makes the approximation used for equation 6 acceptable.
To establish this model, it was also assumed that both pathogens were independently distributed on the leaves. This may not be correct in every situation, since leaf rust is unable to grow on STB infected tissue. However, the dynamics of the diseases in the ®eld makes this assumption acceptable: because leaf rust uredospores are dispersed by the wind and septoria pycnidiospores are dispersed by splashing from the lower leaves, leaf rust usually appears ®rst in the higher canopy layers and begins to develop independently of STB. In this experiment, the rust severity was over 60% and 40% on canopy layers L1 and L2 of the reference plots before STB started to interfere with its progression.
To estimate diseased crop growth, it was assumed that the relative contributions of the different layers to crop photosynthesis, as calculated for a healthy canopy, remained valid in the diseased canopy. In this experiment, as generally in Northern Europe, the leaf area index values are not altered by leaf rust and STB because epidemics are too late to induce differences in leaf size and number. The approximation that photosynthesis is proportional to light interception might become less accurate as LAI decreased towards plant maturity, but the use of fungicide-sprayed crop dry weight values as inputs to estimate relative effects probably absorbed most of these uncontrolled effects.
It was also assumed that diseases were horizontally homogeneous in each leaf layer of the canopy, which was the case in these ®eld experiments and is generally observed for these diseases.
It was supposed that stem photosynthesis was similar in the diseased and control crops. Stem nitrogen contents were similar in both diseased and control crops during crop development (data not shown) which could support this hypothesis. Moreover, it was assumed that stem photosynthesis rate was equal to leaf blade photosynthesis rate and ear photosynthesis was not taken into account. Ear photosynthesis is generally ignored in crop growth models and is considered to be offset by ear respiration (Araus et al., 1993; Gebbing and Schnyder, 2001; Thomas et al., 1989) . Wang et al. (2001) have found that, in the early stages of grain growth, net photosynthetic rate of peduncle and leaf sheath was around 50% of that of the¯ag leaf blade and close to 100% toward the end of grain ®lling. Further research on stem photosynthesis is still needed for improving crop growth modelling and understanding.
Simulations: The model correctly estimated the effect of disease on plant growth for each cultivar, differing from experimental values by less than 10%. This encourages this type of approach for understanding disease effects on plant growth.
Not considering stem photosynthesis decreased simulated maximal plant growth by around 14%. This suggests stem photosynthesis may be important for biomass accumulation in diseased plants. The model allowed the effects of each pathogen on plant growth to be separated: STB accounted for between 70±88% of the reduction in plant growth, depending on the treatment.
Two kinds of differences occurred between the simulated and the experimental data. First, between 100 dd and 350 dd after¯owering, during the period of strongest epidemic development, the disease effect on plant growth was slightly greater than predicted by the model in all the treatments, except the Soissons sprayed treatment. This discrepancy could be due to spore production by the fungi, especially rust. Bastiaans (1993) quanti®ed the effect of rice leaf blast (caused by Magnaporthe grisea) on leaf net photosynthesis in order to model the in¯uence of the disease on rice dry matter production. He found that the simulated reduction in net photosynthesis was insuf®cient to explain the observed reduction in shoot dry weight fully, and suggested that the matter exported in the spores, which was neglected in the model, accounted for the overestimated dry weight in the simulations. This is supported in this study by a comparison of the four experimental treatments. The dry weight was not overestimated for the sprayed plots, where the leaf rust epidemic was limited, but was maximal for the low-nitrogen plots, where the rust was most severe. A study on wheat seedlings (Robert et al., 2002) showed that the overall spore production for the whole sporulation period, under optimal conditions, was 40 mg cm ±2 of sporulating area. Applied to these ®eld data, spore production could reach up to 0.5 g per stem. It was calculated that the model overestimated the ®nal dry weight by 0.2 g per stem for the reference plot. As these data were obtained in the ®eld and not under optimal conditions and since the rust epidemic was partly impaired by STB, these ®gures are consistent. The lower nitrogen content in diseased leaves, compared with control leaves, between 100 dd and 350 dd after¯owering could also be due to the uptake of assimilate by the leaf rust spores. In ®eld epidemics, spore production could then result in signi®cant losses of biomass and nitrogen for the diseased plant, as has been shown for wheat seedlings in controlled conditions (Robert et al., 2002) , and taking into account spore production by the pathogens could be an improvement for crop loss models (Bastiaans, 1993) . Another discrepancy between these simulations and the observations was that the model underestimated maximal plant growth in the water-sprayed diseased plots. Other studies (Ayres, 1995; Shtienberg, 1992) have shown that rust increases leaf transpiration by disrupting the host cuticle during sporulation. Spraying water onto the canopy may thus have reduced the effects of the pathogens by decreasing the water stress caused by the disease.
Simulations with b R and b S varying between 1 and 3 did not greatly change the prediction of this model. This was probably because in the ®eld experiment, the diseases advanced very rapidly, especially for STB, and the pathogen effects on the green parts of the leaves were negligible with regard to tissue necrosis by STB and leaf colonization by sporulating rust lesions. Surprisingly, the model was slightly more sensitive to b R than b S . This could be explained by the location of the rust disease on the upper leaves of the canopy. This again demonstrates the importance of taking into account the disease vertical location for damage assessment.
In a ®rst approach, the model correctly explained the relative impact of two simultaneous epidemics on plant growth in the ®eld and allowed a separate estimation of the effects of each pathogen. It also allowed crucial points in the system to be identi®ed and knowledge gaps in the understanding of disease impact on plant growth to be illustrated. However, this model only predicts relative effects and, in order to extend prediction from relative plant growth to actual plant growth, it would be necessary to predict directly the control crop growth as a function of time. Moreover, to extend prediction from plant growth to yield, the next step is to determine whether crop growth is a good predictor of yield in a diseased crop relative to a healthy crop.
